The p38 mitogen-activated protein kinase (MAPK) is a key mediator in cytokine-induced signaling events and is activated in response to a variety of extracellular stimuli such as stress factors, UV-light and inflammatory cytokines. Therefore, the p38 MAP kinase plays an integral role in disease states including oncogenesis, immune disorders and inflammatory processes. Recently a novel class of highly selective p38a inhibitors was described and characterized as tools and probes for in vivo studies. The objective of the current study was the preclinical characterization of 3-((2,4-difluorophenyl)amino)dibenzo [b,e] oxepin-11(6H)-one, a potent p38a MAP kinase inhibitor. In rat and human hepatic microsomal incubations, the examined compound is completely inactivated (concerning the inhibitory potency of the isolated p38a enzyme) by a CYP2B6 mediated phase 1 metabolism. The dehalogenation and subsequent hydroxylation in the para position of the 2,4-difluorophenyl residue was found to be the predominant transformation. The metabolite was detected in different quantities in both species. In a consecutive reaction the phase 1 metabolite conjugates with glucuronic acid in terms of a phase 2 metabolism. The responsible isoenzymes were identified to be UGT1A3, UGT1A9 and UGT1A10. In this reaction UGT1A10 is the predominant driver of the conversion. Similar to the phase 1 metabolite, the conjugate could also be found in different amounts in both examined species.
Introduction
The p38a kinase is the best-characterized member of the mitogen activated protein kinase (MAPK) family. It plays a central regulatory role in the production of pro-inammatory cytokines like TNF-a, interleukin-1b, and interleukin-6b. 1 The MAPK family is a group of serine/threonine kinases, 2 which are activated by various extracellular stimuli, such as heat shock, osmotic shock or irradiation with UV light. 3 Once being activated it mediates the signal transduction into the nucleus to turn on responsive genes. Diseases linked to this pathway are rheumatic arthritis, 4,5 COPD, Crohn's disease 6, 7 or asthma.
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Consequently, p38 inhibitors have been considered as anti-TNFa therapeutics that could potentially replace established anti-TNF antibodies or TNF receptors. Many pharmaceutical companies initiated p38 discovery programs, 10, 11 but despite the fact that a few candidates have reached phase III of clinical development, safety issues appear to be the main hurdle for a successful development. Especially when administered at high concentrations, many compounds showed toxic properties. [12] [13] [14] Moreover kinase inhibitors are known to change their selectivity prole through metabolic transformations, adding an additional layer of complexity to toxicity prediction. 15 There are four isoforms of p38 that demonstrate different patterns of tissue expression [16] [17] [18] and activation. 16 Several studies show that the a isoform is the major contributor to the role of p38 in inammation. [19] [20] [21] Besides the fact that there is a need for new potent p38 MAP kinase inhibitors showing high efficacy even at low dosage, ADMET investigations become more and more important.
As recently reported by our group, 22 dibenzosuberones are highly selective and potent p38 MAP kinase inhibitors. A prominent example within this inhibitor class is skepinone-L, which has an outstanding potency in an isolated p38 enzyme assay as well as a human whole blood assay measuring the inhibition of TNF-a release. Furthermore, skepinone-L is hardly affected by metabolic conversion and displays favorable pharmacokinetic characteristics.
We also reported, 23 that the metabolism of related dibenzosuberones gets suppressed by the introduction of hydrophilic side chains in position 9 of the A-ring. Besides increasing the hydrophilicity of the molecule, blocking the metabolically labile position of the central scaffold by introducing an ether bridge is the way of choice to prevent metabolic degradation. This concept led to another series of p38 inhibitors based on a dibenzo[b,e]oxepin-11(6H)-one core. Again hydrophilic side chains lead to increased metabolic stability. Based on the recently published results 23 the present study determined that the main scaffold 3-((2,4-diuorophenyl)amino)dibenzo[b,e]-oxepin-11(6H)-one is metabolized to a single metabolite bearing the corresponding hydroxyl function in para position of the 2,4-diuorophenyl moiety. The metabolism of this compound was simulated in rat liver microsomes as well as in human liver microsomes. Its phase 1 metabolism is exclusively mediated by CYP2B6. CYP2B6 is assumed to be expressed at only 3 to 5% of total P450s in human livers. 24, 25 Its expression and enzyme activity has been shown to vary approximately 100 fold in the human liver. 26 Cytochrome 2B6 is also expressed in extrahepatic tissues such as brain, kidney, intestine, 24 uterine endometrium, 27 skin, 28 and heart. 29 It is one of the most polymorphic CYP genes in humans and currently 30 dened alleles with over 100 described polymorphisms are known. 30, 31 The polymorphic nature of the cytochrome P450 (CYP450) genes affects individual drug response and reactions to a big extent. 32 Studies of human liver tissues have shown that females tend to express higher levels of CYP2B6 in liver than males. 30 In an extension of the phase 1 metabolism study, incubations with glucuronosyltransferases (UGT) were performed. UGTs are responsible for glucuronidation, a major contributor to phase 2 metabolism.
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Incubations were again performed with rat and human liver microsomes as well as with different UGT isoenzymes. UGT1A3, 1A9 and 1A10 were identied to be involved in this reaction. Each of these three isoenzymes shows a genetic polymorphism in humans. [34] [35] [36] [37] Moreover UGT1A10 was identied as the key driver of the conversion.
Results
Metabolic stability of compound 1 in different species: male/ female Sprague Dawley rat liver microsomes, and male/female human liver microsomes
The main metabolite of compound 1 was the corresponding 3-((2-uoro-4-hydroxyphenyl)amino)dibenzo[b,e]oxepin-11(6H)-one. The introduction of a hydroxyl group in ortho position to the amino function (substituting the ortho-F) was not observed (Fig. 1) .
This can primarily be attributed to the lower steric hindrance at the para position as well as to electronic factors. By analyzing both possible metabolites by HPLC, a retention time shi was observed between 2a and 2b (see Fig. 2 ). Although both compounds possess the same calculated log P value, they differ signicantly in lipophilicity. This observation can be explained by reduced solvation of 2b due to increased steric bulk around the hydroxyl group. Furthermore, a weak intramolecular hydrogen bond 38 between the hydroxy and the diarylamino function can be formed in 2b, which partially masks the polar groups from hydrogen bonding with the solvent. Moreover, a conformational bias within 2b caused by this intramolecular hydrogen bond could further alter the lipophilicity of the molecule.
MS/MS data did not provide any further information because both potential metabolites show an almost identical fragmentation pattern. Kinetic analysis demonstrated that the metabolite of compound 1 reached a concentration maximum between 100 and 120 min. The metabolite could be found in different amounts in both human and rat liver microsomes.
In vitro phase 1 metabolism in female and male rat and human liver microsomes
To examine gender-specic differences, incubations with male and female pooled RLMs as well as with male and female pooled HLMs were performed. The time prole of the RLMs showed clear-cut differences in the metabolite formation rates (Table 1) . Male RLMs produced the metabolite faster, compared with female RLMs (Fig. 3) . In HLMs, gender differences were much less distinct, especially when considering the higher P450 enzyme activity of female microsomes (see Table 1 ).
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In vitro phase 1 metabolism in baculovirus-expressed human P450 isoenzymes
The dehalogenation was catalyzed exclusively by CYP2B6, which was conrmed by incubation with several isolated P450 isoforms (CYP1A2, CYP2A6, CYP2B6, CYP3A4, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2J2, CYP4F12; see Table 2 ). Negative controls without NADPH and with cytochrome P450 reductase/ b5 without P450 enzymes were carried out to exclude nonenzymatic metabolite formation.
Kinetics of phase 1 metabolism
The kinetic parameters K M and v max were determined by incubating 1 (1-200 mM) with male and female HLM (0.19 mg mL À1 ), male/female RLM (0.15 mg mL À1 ) as well as with rCYP2B6 (0.1 mg mL À1 ). Calculated K M and v max values are shown in Table 2 .
The respective Michaelis-Menten (M-M) plots of compound 1 can be found in Fig. 4 . The M-M plots show a hyperbolic curve, indicating saturation of the metabolite formation over the substrate range used suggesting that the data obeyed M-M kinetics. M-M values did not differ signicantly between male and female HLMs (see Table 2 ).
In vitro phase 2 metabolism in baculovirus-expressed human UGT isoforms
In order to identify the isoenzymes responsible for the glucuronidation, incubations with a set of different UGT isoforms (UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1A9, UGT1A10, UGT2B7, UGT2B15) were performed. The conjugation of 2a with glucuronic acid was mediated by UGT1A3, UGT1A9 and UGT1A10. The latter was identied to play a dominant role in the conversion (see Fig. 5 ). Incubations without UDPGA were used to rule out non-enzymatic conversion.
In vitro phase 2 metabolism in pooled rat and male/female human liver microsomes.
The time prole of the RLMs showed rapid conversion into the metabolite 3 (t 1/2 ¼ 9.218 AE 0.81 min). To examine genderspecic differences, incubations of male and female HLMs were compared. Female HLMs (t 1/2 ¼ 63.02 AE 3.47 min) and male HLMs (t 1/2 ¼ 65.68 AE 4.78 min) produce the metabolite with no signicant difference in formation rates ( Fig. 5 and Table 3 ).
Discussion
The cytochrome P450 enzyme system plays a major role for the pharmacokinetics and toxicity of drugs. Knowledge about the dominant cytochrome P450 isoform responsible for the metabolism of a particular drug is valuable in predicting factors like efficacy or potential drug interactions. For this reason the aim of this study was to investigate the in vitro metabolism of 3-((2,4-diuorophenyl)amino)dibenzo[b,e]-oxepin-11(6H)-one, a potent and selective skepinone-L like p38a MAPK inhibitor, by human and rat liver microsomes as cytochrome P-450 enzyme source. Isoenzyme CYP2B6 was identied as key driver in the phase 1 metabolism of 1. The value of v max ts into the range between 1 and 15 nmol of product per minute per milligram of microsomal protein, which is in the typically observed range for organic substrates metabolized by cytochrome P-450 enzymes. 39, 40 CYP2B6 is mediating the dehalogenation and hydroxylation of the uorine atom in the para position of the diuorphenyl moiety. Through this phase 1 metabolism, compound 1 undergoes a complete inactivation with regard to the inhibition of the isolated p38a enzyme (0.234 mM for substance 1 and 3.293 mM for substance 2b, respectively). The introduction of a hydroxyl group opens up the opportunity for phase 2 reactions. Phase 2 metabolism was investigated by incubations with uridine 5 0 -diphosphoglucuronic acid trisodium salt, which revealed a conjugation with glucuronic acid. The conversion was mediated by UGT1A3, UGT1A9 and UGT1A10 with a preference for the latter.
annulen-5-one 22 and the corresponding phase 2 metabolite were prepared at the Department of Pharmaceutical and Medicinal Chemistry, University of Tuebingen (Tuebingen, Germany). The corresponding chemical structures are shown in Fig. 6 . Acetonitrile (ACN; LC-MS Grade) and methanol (LiChrosolv hypergrade) were purchased from VWR (Darmstadt, Germany). Formic acid (FA) p.a., NADP + sodium salt, Trizma base and Trizma HCl, magnesium chloride hexahydrate, glucose 6-phosphate sodium salt, and glucose 6-phosphate dehydrogenase from yeast, uridine 5 0 -diphosphoglucuronic acid In vitro metabolism studies (phase 1)
Pooled male and female liver microsomes of rats (RLMs) and humans (HLMs) were purchased from Life Technologies GmbH (Darmstadt, Germany). To compare the rates of substrate degradation, the microsomal protein content was arbitrarily standardized to 1 mg mL À1 . All incubations were performed under the same conditions with respect to their protein content. All incubations (nal total volume 1050 mL) were made in the presence of an NADPH-regenerating system consisting of 5 mM glucose 6-phosphate, 5 U mL À1 glucose 6-phosphate dehydrogenase, and 1 mM NADP + . The substrate (10 mM), NADPH regenerating system, and 3.8 mM MgCl 2 x6$H 2 O in 0.1 M Tris buffer (pH 7.4 at RT) were pre-incubated for 5 min in a shaking heating block at 37 C, 550 rpm, and the reaction was started by addition of the respective microsomes. To follow the course of metabolism, 100 mL aliquots were withdrawn at different time points (0, 10, 20, 40, 60, 120 and 180 min) and transferred into an ice-cooled vial containing 100 mL internal Standard (100 mg mL À1 3 in acetonitrile, nal concentration of 50 mg mL À1 ). The samples were vortexed for 15 s and centrifuged (19 800 relative centrifugal force/4 C per 10 min). The supernatant was directly used for analysis. All incubations were conducted in triplicate; average mean values of these incubations are shown in the gures. In all incubations a limit of 1% organic solvent was not exceeded.
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In vitro metabolism in baculovirus-insect cell expressed human P450 isoenzymes
All isoenzymes (CYP1A2, CYP2A6, CYP2B6, CYP3A4, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2J2, CYP4F12) were purchased from BD Biosciences (Heidelberg, Germany). The nal enzyme concentration was 100 pmol mL À1 in all incubations. Incubations were conducted according to the liver microsome procedure.
Proof of linearity for protein content and time of incubation 1 was incubated for 90 min with the same protein content in each of the different species' liver microsomes. Five aliquots were drawn at time points 0, 10, 30, 60, and 90 min as described above. The concentration of 1 was set to 100% at t ¼ 0 min. The logarithm of the percentage remaining versus time was tted by least-squares linear regression of at least four time points. Goodness of t was assessed by calculation of the correlation coefficient (R 2 ) and visual examination of the data.
Determination of kinetic parameters for the dehalogenation of 1 to 2 K m and v max were determined in pooled female and male human liver microsomes, using baculovirus cDNA-expressed isoenzymes (Supersomes) of CYP2B6 with P450 reductase. The substrate concentrations ranged from 0.1 mM to 50 mM. The protein content and time linearity were proven in the preceding analysis. The protein content determined was 0.03 mg mL À1 for
HLMs and the cytochrome P450 content was 0.5 pmol mL À1 for CYP2B6. Incubations were conducted in a total volume of 250 mL for an incubation time of 10 min, and were performed in triplicate for the liver microsomes and CYP2B6. Data reported are averages AE standard errors of the determinations. Estimation of the enzyme kinetic parameters was made by tting to the Michaelis-Menten equation by best-t nonlinear regression using the Enzyme Kinetics Module of the GraphPad Prism soware, version 5.0a for Mac OsX (GraphPad Soware, San Diego, California, USA, http://www.graphpad.com). Goodness of t was assessed by calculation of the correlation coefficient (R 2 ) and visual examination of the data.
In vitro metabolism studies (phase 2)
Phase 2 incubations were performed in analogous manner to phase 1 incubations. The NADPH regenerating system was replaced with uridine 5 0 -diphosphoglucuronic acid trisodium salt (100 mM), D-saccharic acid 1,4-lactone monohydrate (100 mM) 43 and alamethicin (100 mM). 44 The workup was done as described in the section above.
Screening of metabolites by LC-MS/MS analysis
Metabolite formation was analyzed with a Jasco (Grob-Umstadt, Germany) HPLC system consisting of a pump (PU-1580) and an autosampler from CTCAnalytics (HTSPal; Zwingen, Switzerland). The chromatographic separation was performed on a waters symmetry C18 column (150 Â 4.6 mm; 5 mm) with a pre-column made of the same material. The injection volume was 30 mL. A binary gradient of 30 min with solvent A (H 2 O/ACN/FA; 90/10/ 0.1%) and solvent B (ACN/0.1% FA) was set to a ow rate of 300 mL min
À1
. The initial composition of 0% B was held for 3 min, followed by a linear gradient up to 95% B in 20 min, holding for 5 min, changing to 0% B in 1.5 min, and re-equilibrating at the end. The detection was performed on a Micromass Quattro micro triple quadrupole mass spectrometer (Waters GmbH, Eschbronn, Germany) in the electrospray ionization-positive SRM mode. Spray voltage was set to 2.9 kV and the heated capillary operated at 350 C. The desolvation gas ow worked at 200 L h
. Eluates from the rst 15 min and the last 4 min were diverted to waste in order to prevent contamination of the source due to matrix components. Fig. 7 shows a representative HPLC chromatogram of this metabolism assay. The retention times for compound 1 and the developing metabolite were 30.92 and 26.51 min, respectively, in a 33 min HPLC run (Fig. 7) . Metabolites were also identied by direct injection of the according reference material. Substrates and metabolites were quantied by internal standards as well as with calibration curves constructed from known concentrations of reference material.
Data analysis
Enzyme kinetic parameters K M and v max were determined using nonlinear regression analysis with GraphPad Prism soware, version 5.0a for Mac OsX (GraphPad Soware, San Diego, California, USA, http://www.graphpad.com). The results are expressed as the mean value of three experiments (AESEM). The concentrations were determined in mmol L À1 .
Metabolite formation was analyzed using a one-phase association equation. The half-time was computed as ln(2)/K, where K is the rate constant, expressed in reciprocals of time units.
Biological testing
The effect of both synthesized compounds on p38a inhibition was tested in an isolated p38a MAP kinase assay. In our system 45 the tested compound competes with adenosine triphosphate (ATP) for the ATP binding site in the catalytic domain. The phosphorylation of activating transcription factor-2 (ATF-2) is determined with an anti-phospho-ATF-2 antibody. The degree of phosphorylation inversely correlates with the inhibitory activity of the tested compounds 46 and was measured using an enzyme-linked immunosorbent assay (ELISA).
Experimental procedures
All commercially available reagents and solvents were used without further purication. Mass selective detector (70 eV). FAB (fast atom bombardment) data were obtained from the department for mass spectrometry, Institute of Organic Chemistry, Eberhard-Karls-University Tuebingen. All compounds were >95% pure. Synthesis of 2b. The synthesis of the dibenzoxepinone core scaffold was performed as described in ref. 47 .
Synthesis of 4-uoro-2-(methoxymethoxy)-1-nitrobenzene. Under argon, 5-uoro-2-nitrophenol (2.00 g, 12.7 mmol) was dissolved in 75 mL of dry THF and the solution was cooled in an ice bath. Sodium hydride (60% dispersion mineral oil, 559 mg, 14.0 mmol) was added to the solution in one portion. The mixture was slowly warmed to ambient temperature and methoxymethyl chloride (2.1 M solution in toluene, 6.06 mL, 14 mmol) was added dropwise via cannula. The mixture was stirred for 3 hours at ambient temperature before quenching with an excess of saturated ammonium chloride solution. The product was extracted with methylen chloride (3 Â 100 mL) and the combined organic layers dried over sodium sulfate. Aer solvent evaporation, the product was puried by column chromatography (silica gel, gradient 100% petroleum ether to 100% ethyl acetate) to obtain a colorless oil (1.90 3-Chlorodibenzo[b,e]oxepine-11(6H)-one (100 mg, 409 mmol), 4-Fluoro-2-(methoxymethoxy) aniline (77.0 mg, 450 mmol) and cesium carbonate (400 mg, 1.23 mmol) were weighted into a Schlenk tube. The tube was evacuated and backlled with argon before adding 3 mL of degased dioxane (3 mL). Palladium acetate (4.59 mg, 20.5 mmol) and Xphos (29.2 mg, 61.3 mmol) were added, the tube was sealed and stirred at 80 C oil bath temperature during 2.5 hours. The reaction was quenched with water and the product extracted with methylen chloride (3 Â 50 mL). The combined organic layers were dried over sodium sulfate, the solvent evaporated and the product puried by column chromatography (silica gel, petroleum ether-ethyl acetate 4 : 1). were dissolved in a mixture of 7 mL of THF and 7 mL of 10% aqueous HCl. The solution was stirred for 15 h at ambient temperature and the reaction was quenched with saturated NaHCO 3 solution (20 mL). The layers were separated and the aqueous layer extracted with ethyl acetate (4 Â 30 mL). The combined organic layers were dried over sodium sulfate, the solvent was evaporated and the product puried by gradient column chromatography (silica gel, gradient 100% petroleum ether to 100% ethyl acetate 
Conclusions
Both activity and selectivity of protein kinase inhibitors might be altered by metabolism. The metabolites of oxepine analogs of skepinone-type p38 MAPK-inhibitors are inactive for both p38 and a broad range of other kinases as well (Novartis kinase Panel, data not shown). The metabolic lability of aromatic uorine residues is another major nding. 2,4-Diuorophenyl residues were hydroxylated to 2-uoro-4-hydroxyphenyl derivates by CYP2B6.
